Fasting substantially decreases plasma leptin concentration. However, in obesity, the fasting-induced decrease in leptin concentration is blunted or absent. The objective of the current study was to determine in diet-induced obese (DIO) rats the contribution of altered leptin secretion and leptin expression to the blunted nutritional regulation of leptin concentration. Fasting-induced decreases in plasma leptin concentration were greater in lean (standard chow (SC)) rats compared to DIO (B79 vs B48%, Po0.05 for DIO vs SC). CSF leptin was significantly reduced by fasting in SC (B46%) but not in DIO. Fasting decreased adipose tissue leptin secretion in both SC and DIO, but the decrease was greater in SC (average B74%) compared to DIO (average B44%, Po0.05, DIO vs SC). Additionally, leptin secretion in fasted DIO was substantially greater (average B175%) than in fasted SC (Po0.05). Adipose tissue leptin protein content was increased by B80% in DIO compared to SC (Po0.05). We conclude that a probable cause of blunted fasting-induced decreases in leptin concentration in obesity is elevated leptin secretion, which possibly results from increased leptin gene expression.
Introduction
Plasma concentration of leptin, the adipocyte-derived hormone, is determined by a number of factors, the predominant influences being fat mass, the leptin content of adipocytes, and the rate of leptin secretion from adipose tissue. [1] [2] [3] [4] [5] [6] [7] [8] Acutely, the greatest changes in leptin homeostasis occur under conditions of altered nutritional status, such as fasting/refeeding. Fasting reduces leptin concentration by as much as 80% in rodents and humans, while refeeding increases plasma leptin concentration rapidly. [9] [10] [11] [12] [13] [14] However, in obesity, fasting has a blunted effect on plasma leptin concentration. 9, 10, 12 Thus, leptin is reduced by only B28%
in diet-induced obese (DIO) mice after a 48 h fast compared to B50% in lean mice, despite a similar plasma leptin concentration in lean and obese animals in the fed state. 9 In the obese fa/fa rat, a 24 h fast has no effect on plasma leptin levels, whereas leptin levels in lean control animals decrease by 80%. 12 In humans, leptin concentration is reduced by B64% in lean individuals compared to B36% in obese individuals after a 24 h fast. 10 Altered leptin secretion has been proposed as the major mechanism responsible for nutritional-induced changes in plasma leptin concentration. Reduction of leptin concentration in response to fasting does not correlate with changes in fat mass, 9, 10, 13, 15 but is related to decreases in leptin secretion and/or leptin expression. [3] [4] [5] 7, 8, [16] [17] [18] Furthermore, there is a rapid elevation of leptin mRNA levels in adipose tissue in response to feeding, [17] [18] [19] [20] and a strong linear relationship between plasma leptin concentration and leptin secretion rates. 4, 8 In obesity leptin gene expression is increased 3, 5, 7 and in obese women adipose tissue leptin secretion rates are elevated compared to lean controls, 4 suggesting that elevated leptin secretion and leptin expression may contribute to the blunted nutritional regulation of plasma leptin concentration in obesity. However, this hypothesis has not been addressed directly. Thus, the current study sought to determine the role of increased leptin secretion and leptin expression in the blunted fastinginduced decrease in leptin concentration in obese rodents.
Materials and methods
All procedures were carried out in accordance with the animal care guidelines of the University of Pittsburgh. Male Wistar rats (175-200 g) were caged in pairs with free access to water and food. Animals were fed a high-fat diet (Harlan Teklad, Madison WI, USA; TD 96001, 45% of calories from fat) for 9 weeks to induce obesity (DIO) or a standard chow (SC) diet (11% of calories from fat) for a similar length of time (SC). Subsequently, animals were killed in the fed state or after an 18 h fast. The epidydimal fat pad was isolated and leptin secretion, leptin protein content, and leptin mRNA levels were measured as described in Figure 1 . Blood and cerebrospinal fluid (CSF) were collected for the measurement of leptin concentration by rat-specific radioimmunoassays (Linco Research, St Charles, MI, USA and ALPCO diagnostics, Windham, NH, USA). The total visceral adipose tissue (epidydimal, retroperitoneal, and perirenal fat) was collected and weighed. Results are expressed as the mean7standard error (s.e.). For leptin secretion, analysis of variance (ANOVA) was used to determine differences among 1 vs 2 vs 3 h fed and fasted SC and DIO. For leptin concentration studies, ANOVA was used to determine differences among fed DIO vs fasted DIO vs fed SC vs fasted SC. Student-Newman-Keuls pairwise comparison tests were run when appropriate. For other statistical analysis, unpaired t-tests assuming equal variance were used to determine significance between SC and DIO.
Significance was set at Pr0.05.
Results and discussion
Body weight (570726 vs 487715 g), visceral adiposity (43.673.23 vs 17.371.0 g), and plasma insulin concentration (6.870.5 vs 3.871.3 ng/ml) were elevated in DIO compared to SC rats (all Po0.05). As expected, plasma leptin concentration was greater in DIO compared to SC (Table 1 ). An 18 h fast decreased plasma leptin concentration in SC by 7973%, compared to a decrease of only 4877% in DIO (Table 1a , Po0.05 DIO decrease vs SC decrease). This resulted in the difference in plasma leptin concentration between DIO and SC, increasing from 2.170.1-fold in the fed state to 5.370.8-fold in the fasted state (Table 1a , Po0.05, fasted vs fed). A qualitatively similar increase was observed when plasma leptin concentration was normalized to visceral adipose mass (Table 1c) . Taken together, these data demonstrate a blunted effect of fasting on plasma leptin concentration in DIO that exacerbates hyperleptinemia in the fasted state, and that is not related to differences in fat mass between DIO and SC. We next measured the effects of DIO and nutritional status on CSF leptin levels, since the hypothalamus is an important site of leptin action. There was a significant difference in CSF leptin concentration between SC and DIO in the fasted state (Po0.05), but not the fed state, although a trend (P ¼ 0.055) toward a higher leptin concentration in DIO was evident (Table 1b) . Fasting decreased CSF leptin concentration in SC by 4677% (Po0.05), but there was no significant effect of fasting on CSF leptin concentration in DIO (À26715%, P ¼ 0.15). These results demonstrate that the hypothalamus in DIO is chronically exposed to a 'fed' concentration of leptin, an observation that may explain the decreased responsiveness of the hypothalamus to leptin in DIO.
We next compared leptin secretion from adipose tissue explants taken from fed and fasted DIO and SC (Figure 1a) , reasoning that elevated leptin secretion contributes to the blunted fasting-induced decrease in plasma leptin concentration in DIO. An 18 h fast reduced leptin secretion from SC adipose tissue by an average of 7471% across all time points (Figure 1c) . We conclude from these data that a probable cause of the blunted fasting-induced decrease in plasma and CSF leptin concentration in obesity is elevated leptin secretion, which possibly results from increased leptin gene expression. Wistar rats were fed for 9 weeks on an SC diet or a high-fat diet to induce obesity (DIO). Plasma and CSF samples were collected from ad libitum fed or 18 h fasted animals for measurement of leptin. Leptin was measured by radioimmunoassay. Results are presented as mean7s.e. The asterisks (*, **) indicate a significant difference between SC and DIO animals (*) or between fed and fasted animals within respective SC or DIO groups (**). n ¼ 10 animals in each group.
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